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Abstract: Nowadays, fire-doors optimization is approached by using consolidated design
guidelines and traditional materials, such as rock wool. Then, selected solution is directly tested in
a mandatory fire-test. Unfortunately, few pieces of information could be retrieved either if the test
succeeds or fails, which makes both improvements in the design and use of innovative materials
difficult. Thus, in this work, a self-consistent finite element method (FEM) analysis is developed and
assessed against experimental fire-test results, highlighting the critical parameters affecting the
numerical simulations. Using this tool, a new fiberglass-containing foam, with improved acoustic
and mechanical properties, as compared to the rock-wool, is studied as a potential insulating
material for on-board fire-doors. The assessment of the performance of the new material
demonstrates that, contrary to common believe, the effective thermal insulation capacity is not
necessarily the critical factor in determining the fire-resistance of a fire-door. Using the validated
FEM analysis, it has been proven that the reduction of the thermal bridges originated at the door
edges allows, firstly, for the attainment of a fire-door 37% thinner and 61% lighter with respect to a
traditional one, and, secondly, the use of new material as insulator in fire-doors that, even if less
thermally capable, could improve other properties of the door, as an example its soundproofing.

Keywords: fire-resistance test; finite element analysis; marine fire-doors; thermo-mechanical
analysis; innovative insulator; thermal bridges

1. Introduction

The increasing demand for modern cruise ships makes the safety of passengers a crucial design
issue. In this sense, the protection from fire accidents and their containment is of utmost importance.
In fact, among the different safety elements, fire-doors represent a key element as they slow or stop
fire propagation. Hence, the appropriate design of fire doors is of utmost importance. To assess their
efficiency, the doors must be preventively subjected to the mandatory fire-test reported in the FTP
Code (International Code for the application of Fire Test Procedure) [1], by exposing them to a
prescribed time-temperature heating relation, depending on the fire door class. Both mechanical and
thermal limits are imposed to assess the door performances in order to guarantee specific
temperatures on the unexposed side of the door and to stop the smock and flame propagation [1].
The main critical parameters that affect the thermos-resistance of a fire-door are the thermal bridges
originated at the door edges, the heat conduction through the door and the steel sheet thickness [2].
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The thermal bridges influence both the temperatures on the unexposed side of the door and the
distortions of the door as they create a high temperature gradient at the edges [2]. The steel sheets
give structural strength to the door, but they convey heat by conduction, so the use of fire-resistant
insulating materials is necessary in order to slow down the spread of heat and to comply with the
regulations [1]. The market is now dominated by few categories of thermal insulators, such as mineral
wool and extruded and expanded polystyrene [3]. For fire-proofing rock wool is the most widely
used insulator on board as it presents a hard to surmount mix of cheapness and mechanical/physical
properties: it has low thermal conductivity, and it is lightweight and not flammable [4]. However,
the release of fibers due to damage to the doors may present environmental and health concerns [5].
Furthermore, its soundproofing performance, which is an important property in passenger ships, is
relatively poor [6,7]. As a consequence, there is a strong research interest for substitute materials.
Several studies investigated the thermal, acoustic and environmental performances of materials at
current, scarcely used, or even in prototypal stages [3]. These unconventional products can be
manufactured using natural sources, such as residues of agricultural production and processing
industries. Other sources are represented by recycled products or industrial plant byproducts [3].
Following this drive towards the development and use of new materials, an innovative sustainable
insulating material has been developed through a foaming process, starting from fiberglass waste
and natural alginate-based gels [8]. This material is an open cell foam and shows improved
soundproofing capabilities compared to rock wool, which, as stated above, makes them potentially
of interest in shipbuilding. The mechanical and thermal characteristics of the foam have been
analyzed in this work, including the incombustibility test in order to fully comply with the FTP Code
[1].

The use of novel materials or innovative fire-door design in shipbuilding is often retarded or
even precluded due to the necessity to ensure compliance with established mandatory requirements.
Among these, the FTP Code compliance test is perhaps the most demanding and expensive test. The
effective modelling of such a test would therefore open doors to greater innovations, as different door
designs incorporating new materials could be preliminary tested by numerical methods, resulting in
significant savings in time and costs.

A number of papers in the literature have indeed addressed the issue of modelling the effects of
the FTP test on fire-doors, using the FEM technique [2,9,10]. These works aimed at deriving a
simplified model for the description of the door behavior under a fire-test, despite the occurrence of
complex phenomena [11]. Unfortunately, a perusal of the adopted experimental and calculation
procedures reveals a lack of details in the assessment of the validity of the results, and the calculations
appear strictly related to the specific door analyzed, precluding their general use and reproducibility
of calculations, which has become a major issue [12]. Moreover, the choice of the employed physical
parameters affects the results of the fitting [13].

In a preliminary study [14], the issue of modelling the FTP test has been addressed, aimed at
introducing innovation in this field. Though thermal modelling, this preliminary work was still
linked to the specific door investigated and the preliminary results highlighted the critical importance
of thermal bridges originating at the door edges in determining the fire-resistance and thus allowed
us to propose a design for a novel thinner door. Since a general, self-consistent, fully detailed,
validated and ready-to-use FEM methodology for fire-door designs cannot be derived from the
previous works, thus precluding the forecasting capability, which is the strength of computational
methods, this work attempts to reach this challenge. Finally, the assessed FEM model developed is
used to simulate the fire-test on the fire-door with the foam as an insulator. The results clearly show
the potential of the foam as a substitute for the rock wool. This finding demonstrates that, with an
appropriate door design, materials with poorer thermal insulating capability compared to the
traditional insulator can also be used, allowing us to optimize other characteristics as, for example,
soundproofing.

2. Materials and Methods
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In this section test procedures used to evaluate materials properties are reported and the
numerical model characteristics used to simulate the fire resistance test are explained.

2.1. Material Properties

For carbon steel (Fe 37/360), the thermal and mechanical properties needed for the numerical
analysis are tabulated on the materials datasheet for room temperature (Table 1) and integrated with
data available in the literature for high temperatures [15].

For the insulating materials, the temperature dependence is considered only for the thermal
conductivity; the insulating material has no significant structural contribution [10], so the mechanical
properties are considered constant for simplicity.

The rock wool properties, as reported in the datasheet (Table 1), are integrated with
experimental measurements (see Section 2.1.2).

Table 1. Material properties at 20 °C.

Poisson Ratio  Density Thermal Conductivity

Material Young g/lli)dulus E v 0 K
(GPa) ) (kg m?) (W (m K))
Carbon steel 190 0.3 7800 27.29
Rock wool 1.0 x 103 0.0 150 0.035
Foam 3.4 x103 0.0 130 0.045

The foam is synthesized using a gel-route followed by a freeze-drying [16] and its properties are
experimentally measured as reported in the next Sections.

2.1.1. Mechanical Tests

Compression tests were performed with a Shimadzu AGS-X equipped with a 10 kN load cell. A
constant compression speed of 1.3 mm min' was used (ASTM D1621 [17]) and the compression
modulus Ec was determined from the stress—strain curves in the 3-6% deformation range. Tests were
performed on five specimens with an average diameter of 19.5 mm and an average height of 17.0
mm.

2.1.2. Thermal Conductivity

Thermal conductivity (k) in the range 20-80 °C was measured with a Netzsch HFM 446 Lambda
Small heat flow meter, according to the ASTM C518 [18]. Thermal conductivity at higher
temperatures (<200 °C) was measured using the constant heat flow method [19], using a specifically
modified muffle.

The conductivity values for temperatures higher than 200 °C were calculated according to the
ISO 10456:2007 [20], using the following equation:

K(T) =kt exp (fr (Ti = Tre)) (W (m K)7), )

where ke is the value at the reference temperature Trer (20 °C in this case) and Ti is the temperature
at which the thermal conductivity has to be found. fr is a scale factor tabulated in the standard ISO,
in this study a factor for glassy materials (fr = 0.003) is adopted.

2.1.3. Incombustibility

The incombustibility test, required by the FTP Code [1], was performed according to the ISO
1182:2010 [21]. Five cylindrical samples were inserted into an oven at 750 °C while the oven/sample
temperatures and persistence of possible flame were monitored.
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2.2. Numerical Modelling of Fire Resistance Test

2.2.1. Fire-Proof Door Characteristics and Test Conditions

A single-leaf fire-proof marine door with a clear opening of 1200 mm and a height of 2223 mm
was considered as a case study. The leaf (1248 mm wide and 2250 mm high) is made of carbon steel
sheets with a thickness of 1 mm, containing the insulating material (SEAROX-SL 440, density 150 kg
m?3) with a thickness of 40 mm. The insulating material was selected by the door manufacturing
company due to its lightness, efficiency and proper certifications. The steel sheets were glued to the
insulator by a polymer-based glue. The door frame, consisting of steel profiles with a thickness of 4
mm, was screwed on the bulkhead with a spacing of 150 mm. The door was fixed to the frame by
means of three hinges on one side and a lock was arranged on the opposite side. Figure 1a exemplifies
the model geometry.

(a) A g @
= | =
S.I
1 s |2
D

Figure 1. (a) Model geometry; (b) test measuring points: location of thermocouples (1, 2, 3, 4, 5) and
displacements measurements point (A, B, C, D, I).

In the fire-test procedure reported in the FTP Code the door was heated from ambient
temperature To (in this case 18 °C) to 945 °C with a prescribed time-temperature relationship
expressed by the following equation:

T=345log, (8t+1)+T, (°0), @)

where t is the time (min).

For an A-60 class door, as with that considered here, the fire test lasts 60 min. Temperatures and
displacements must be monitored in five positions (Figure 1b). On the fire-unexposed side of the door
the following limits are imposed:

(i) The final temperature of each thermocouple must not exceed 180 °C above To;

(ii) The medium temperature of the five thermocouples must not exceed 140 °C above To.

Moreover, only small gaps between the door and the frame are tolerated in order to ensure that
no flame passes through the door (detailed procedure and limits are reported in the FTP Code [1]).

2.2.2. FEM Modelling

Fire-test modelling is performed using MSC Nastran with Patran 2017 and it is developed in a
two-step analysis: firstly, a thermal investigation is carried out in order to evaluate the temperature
distribution, which is then used as an input for the subsequent structural analysis. The two analyses
can be considered uncoupled as the thermal distortions do not significantly affect the temperature
distribution during the test [2]. Both the analyses are performed as non-linear calculations, as the
materials’ properties depend on temperature.
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The thermal analysis is performed by means of unsteady-state simulation which was shown to
be necessary to obtain reliable fitting of the experimental results and to study the thermal evolutions
(i.e., influence of the thermal bridge on fire resistance) during the fire-test [13,14]. Conversely, the
structural modelling was performed using a steady-state simulation. Since the key constituent
materials of the fire-door are not viscoelastic, the deformation history does not significantly influence
the final deformations at the maximum temperature, which fully justifies the use of steady-state
analysis in this case [10].

The model is validated on the basis of the RINA (Registro Navale Italiano—Italian Naval
Register) certification [22] obtained from the FTP fire-test performed on the above quoted door.

The geometry is discretized using solid elements for the insulating material, while shell elements
are used for components that have thickness negligible compared to the other dimensions (e.g., door
sheets, frame, bulkhead and reinforcements). Figure 2 reports an example of the door mesh.

Figure 2. Particular of the door mesh.

The model was bound by fixing rotations and translations at the edges of the bulkhead, since it
was welded to the test machines. R-type elements were used to model both the lock and the hinges—
in particular, rigid body elements (RBE2) that are multi-point constraints (MPCs) were adopted.
These connectors are rigid elements that force the nodes to have the same displacements; they
provide independent degrees of freedom (DOFs) at a grid point and dependent DOFs at one or more
grid points. The thermal elongation of steel was adopted for the connectors.

For the thermal analysis, radiation and convection coefficients were calculated for the fire-
unexposed side of the door using the following equations [23]:

h=eo(T3+T5)(T+T)) (W (mK)™) ©)
he= (Nu-kp)/L (W (mK)™), )

where Tz is the average temperature between To and that calculated on the fire-unexposed side
without considering radiation and convection, ¢ is the steel emissivity, o is the Stefan-Boltzmann
constant in (W m2 K™), L is the height of the door in (m) (characteristic dimension) and ko is the
thermal conductivity of air in (W (m K)™). The Nusselt number Nu is calculated for the vertical wall
with turbulent and laminar flow [23] using the following equation:

8
If 9\ 27
|
|

e
l(0.387 Ra%) / 1+ (Oﬁjz)ﬁ Ji} ®)
)

where Pr is the Prandtl number and Ra is the Rayleigh number reported in the following equations:

(
|
Nu={0825+
|
\

Pr=v/a (6)
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Ra=[B (T,-To) g L’]/(va), @)

with v as the kinematic viscosity of air in (m s7), « as the thermal diffusivity of air in (m s™), 3 as the
volumetric expansion coefficient of air in (K) and g as the gravity acceleration in (m s2). The air
properties are considered at the temperature T2 [24].

An equivalent convection coefficient is then calculated according to the following equation and
imposed on the door fire-unexposed side:

H=h,+h. (W(@mK)™, (®)

On the door fire-exposed side, radiation and convection are considered constant, whereas the
temperature gradient follows the standard time-temperature relationship (Equation (2)) [1]. So, the
natural convection coefficient is set to 25.0 W (m2? K)! [24] and it is assumed to receive uniform
radiation heat flow with a view factor set to 1.0 [10], adopting the black body condition [25].

The time-step of the unsteady-state analysis is defined using an adaptive method; setting as
input an initial time-step, the software automatically calculates the subsequent time-steps based on
the convergence conditions. An initial time-step of 10 s is found to provide stability and accuracy of
the integration process using the above quoted software.

3. Results

The results of the characterization of the foam used in this work are illustrated first as they
constitute input data for the FE model. Then the attention is focused on the evaluation of the
reliability of the numerical modelling of the fire-test. For this purpose, calculated boundary
conditions, mesh sensitivity study and validation procedure are specifically addressed with the aim
to derive self-consistent independent criteria that can assess these aspects. The self-consistent FEM
model is finally used to estimate the thermal bridge effects and to simulate the fire-resistance of the
door that uses the foam as insulator.

3.1. Foam Characterization

The foam (Figure 3) is composed of ground fiberglass scrap mixed with a biopolymer. It has an
open cell structure with fiberglass powders incorporated inside the cell walls constituted by the
biopolymer.

(a)

Figure 3. (a) Fiberglass foam; (b) fiberglass foam microstructure.

The foam can be synthesized with variable properties, including density, elastic compression
modulus, etc. [16]. In this work, a density of 130 kg m= was used, slightly lower than that of the rock
wool (150 kg m=) for which an elastic compression modulus of 3.4 + 0.1 MPa was measured (for
comparison, the rock wool modulus was 1 + 0.1 MPa). The composition was chosen to satisfy the
incombustibility test imposed by the FTP Code [1]. The foam was classified as incombustible material
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since the average of five tests showed a weight loss of 45.6 wt % (in compliance with the FTP Code,
this must be < 50 wt %) and flame persistence of 1.8 s (for the FTP Code, this must be <10 s).

The thermal conductivity was measured at 20 °C is 0.035 and 0.045 W (m K) for the rock wool
and the foam, respectively. The experimental thermal conductivity up to 200 °C fit fairly well to the
conductivity vs. temperature ISO 10456: 2007 curve [20] (Figure 4); accordingly, Equation (1) was
used for higher temperatures, both for the foam and the rock wool.

0.5

—— Foam ISO curve
¢ Foam experimental data
— Rock wool ISO curve

04k

_03F

K (W/(mK)

100 200 300 400 500 600 700 800 900 1000
T(°C)

Figure 4. Thermal conductivity vs. temperature; comparison between ISO curves and experimental
data.

3.2. Numerical Model Assessment

3.2.1. Boundary Conditions for Thermal Analysis

A value of T2= 568 K (see Equation (3)) was calculated for the fire-unexposed side using a
simplified model, without considering radiation and convection. The resulting Nusselt (Equation (5))
and Rayleigh (Equation (7)) numbers were 447.4 and 6.2 x 10", respectively. A Rayleigh number
higher than 10° indicates a turbulent flow for which the correlation used for the Nusselt number is
valid [26].

Consequently, the convection and radiation coefficients equal to 9.0 W (m? K)! and 13.9 W (m?
K)7, respectively, were calculated. Thus, an equivalent convection coefficient of 22.9 W (m? K), as
obtained from Equation (8), was imposed on the fire-unexposed side of the door.

An emissivity factor of 0.7 was used in this work (see Section 4.1).

3.2.2. Mesh Sensitivity Study

Thermal results do not change on varying cell dimensions (data not reported), on the contrary,
the calculated displacements strongly depend on mesh size as shown in Figure 5 for point B, taken
as reference. The mesh sensitivity study was performed, changing the base cell size in the range 2.5
40.0 mm with a refinement ratio equal to 2.
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Figure 5. Cell dimension vs. displacements calculated at point B. Comparison with the experimental
displacements (RINA test report n. 2016CS011021/14 2017).

Decreasing the cell dimensions, the calculated displacements asymptotically reached the
experimental value (19 mm). The asymptotic solution can be evaluated by the Grid Convergence
Index (GCI) [27], expressed in the following equation:

GCI=1.25{ (|Fiy - F;|/F) [1/GP - D]}, ©)

where r is the refinement ratio, Fi are the model values with i that decreases with the grid refinement
and p is the solution convergence order expressed in the following equation:

p=In[(Fiz - Fip) /(Fin —F)]/In(x), (10)

Comparing two successive values of GCI using the following equation, the asymptotic solution
can be estimated; when the value of the parameter A: is near to 1, the desired condition is satisfied.

A, =rP (GCL/GCL,), (11)

In this case, considering the grids having dimensions 5 mm, 10 mm and 20 mm, a value of Ar
equal to 1.005 was obtained, with GCI1 and GCI2 equal to 0.009 and 0.003, respectively.

Accordingly, a mesh size of 10 mm was used in all the computations as it is in the asymptotic
range and it represents the best compromise between computational burden and the accuracy of the
results.

3.2.3. Validation of the Model

Table 2 reports the final temperatures calculated by the FEM using the self-consistent equivalent
coefficient H, calculated as reported in Equations (3)—(8). For comparison, the results of computation
using the equivalent convection coefficients recommended by Eurocode 1 [24] equal to 9 W (m?2 K)!
are reported; these values largely overestimate the experimental results.

As stated in the introduction, for a self-consistent methodology, a criterion for the validation
must be applied. For this purpose, the condition reported in the following equation is therefore
employed to numerically validate the results of the self-consistent model [27-30].

|E|< U, (12)

where E is the error between numerical (Fr) and experimental (F.) measurements and U is the norm
between experimental (e.) and numerical error (en), as expressed in the following equations:
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E=F,-F,, (13)
U=ei+ef, (14)

The numerical error can be calculated with the following equation:
e, =1.25 [Fy-F,|, (15)

where 1.25 is a security factor, suggested by Roache [30], and Fo is the ideal value calculated through
the Richardson extrapolation [29] reported in the following equation:

Fo=F;+ [(F;-Fy1)/(@P -1)], (16)

For the thermal analysis, an experimental error of + 1.1 °C was considered, given by the accuracy
of the thermocouples used. Figure 6 shows the temperature field on the fire-unexposed side of the
door, whereas Table 2 compares the experimental temperatures and the numerical results. Equation
(12) is satisfied in all of the test points, thus assessing the validity of the numerical method.

1.22x10
1.16x10
1.10x10
1.05x10
9.87x10
9.28x10
8.68x10
8.09x10
7.50x10
6.91x10
6.32x10
5.73x10
5.14x10
4.55x10

3.95x10
3.36x10

w W w

NN RN N DN NN NN N W

Figure 6. Temperature distribution on the fire-unexposed side of the door at the final stage of the fire
test (60 min); scale in (K).

Table 2. Comparison between modelled—using, respectively, Eurocode and self-consistent
convection coefficient—and measured temperatures; error estimation and validation of the self-
consistent model.

*
Point Li‘;i‘;c(‘:gf T Self-Consistent Model (°C) T Me(aogred IEl U
1 206.0 100.0 99.0 1.0 14
2 206.0 100.0 100.0 00 1.0
5 204.0 99.0 99.0 00 1.0
3 206.0 100.0 101.0 10 14
4 206.0 100.0 101.0 10 14

* Data reported in the RINA test report n. 2016CS011021/14 2017. Ambient temperature 18°C.

An experimental error of + 1.0 mm is reported for the structural analysis. Figure 7 shows the
displacements field, whereas Table 3 compares the experimental and calculated displacements. The



Appl. Sci. 2020, 10, 5736 10 of 16

condition reported in Equation (12) is satisfied for all the measured displacements. The model is,
therefore, validated according to this criterion.

2.70x10°2
2.42 X102
2.13x10°
1.85 x10°2
1.56 x10'2
1.27 X102
9.89x10°

7.04 x10'3
418x10°
1.33x10°
1.53x10°
-439x10°
7.24x10°
1.01x10°

-1.30x10’
-1.58x10°

X

Figure 7. Displacements field at the final stage of the fire test (60 min); scale in (m). Displacements
perpendicular to the door face, along y direction.

Table 3. Comparison between model and measured displacements; error estimation and validation.

d Measured *

Point d Model (mm) IEI U
(mm)
A 0.5 0.0 0.5 1.0
B 19.2 19.0 0.2 1.0
C 19.2 ND / /
D 0.5 ND /
I 17.9 17.0 0.9 1.3

* Data reported in the RINA test report n. 2016CS011021/14 2017.

3.2.4. Effect of the Thermal Bridge

Taking measuring point 1 as a reference (at a distance of 312.0 mm and 562.5 mm from the edges
of the door along x- and z-direction, respectively), the decomposition of the heat flow into the three
Cartesian directions is reported in Figure 8. The influence of the thermal bridge is represented by the
heat flow component in x-direction. In the z-direction a negligible contribution is observed as the
measuring point 1 is far enough from the upper edge. The heat flow along y-direction represents the
heat transmitted by conduction through the door and is the higher contribution.
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Figure 8. Measurement point 1: decomposition of the heat flow as a function of time along the
Cartesian directions (X, y, z).

3.2.5. Fire-Door with the Foam

Table 4 compares the temperatures calculated at the final stage of the fire-resistance test using
the foam with those obtained for the rock wool.

Table 4. Comparison between temperatures of the foam and rock-wool models.

Position T Foam Model (°C) T Rock Wool Model (°C) AT (°C)

1 120 100 20
2 120 100 20
5 119 99 20
3 120 100 20
4 120 100 20

An increase of 20 °C in the calculated temperatures is observed with respect to those obtained
for the traditional insulator, yet the final temperatures satisfy the requirements reported in the FTP
Code for the A-60 class fire-door.

From the structural point of view, the estimated displacements are equal to those obtained for
the rock-wool (Table 3) model, given the negligible increase in the thermal load (20 °C) (data not
reported).

Figure 9 shows the comparison between the transversal profiles calculated along the line passing
through the measuring point 5 with rock-wool and foam models (similar profiles are obtained on the
other measuring points). Noticeable is that the profile obtained with the foam model has the same
shape as that obtained with the rock-wool model but transposed to higher temperature. Thus, the
effect of the thermal bridge (visible up to a relative distance of about 0.2 from the edges) does not
change if a different insulator is used.
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Figure 9. Transversal temperature profile at the final stage of the fire test (60 min) along the line
passing through measuring point 5 (see black line in Figure 1b): comparison between foam and rock-
wool model.

4. Discussion

4.1. Assessment of the FE Model

The choice of the heat convection coefficient (hc) on the fire-unexposed side of the door heavily
affects the modelling—the final calculated temperature on the fire-unexposed side decreased by
about 50 °C when hc was increased from 0 to 12 W (m2K) [13]. The Eurocode 1 [24] recommends the
use of values 4 or 9 W (m2K)~, when the effects of heat transfer by radiation are considered. The
literature shows that hc ranging from 4 to 10 W (m?K)" are used in order to fit the experimental results
[2,9,10]. In this work the numerical results could not properly fit with the experimental data using
either of the recommended values, as exemplified in Table 2. Noticeably, the Eurocode 1
recommended values could reasonably fit well to the data obtained on a door with different
construction geometry (compare to caption of Figure 10), as observed from the analysis in the
preliminary study [14]. This clearly shows the need for the appropriate and independent definition
of the boundary conditions. With this aim, the methodology reported in Section 2.2.2 has been
proposed to calculate the T2 temperature and hence he, using the geometry of the door and the
physical properties of the employed materials as input data—this approach leads to a self-consistent
procedure. Moreover, a criterion for the numerical validation of the results is proposed to confirm
the reliability of the calculation. Noticeably, the presented self-consistent procedure can also properly
fit to the results of the door analyzed in the preliminary study (data not reported for brevity) [14].

Convection and radiation phenomena inside the door are irrelevant [11] due to the use of
relatively dense materials (d > 130 kg m) [31,32].

The value of 25 W (m2K)~, recommended by Eurocode 1 [25] for the convection coefficient on
the fire-exposed side of the door, is quite consistent with the high temperature inside the furnace (945
°C) and clearly does not depend on the door employed.

Emissivity factors ranging from 0.3 to 1.0 are adopted [9,10], mostly giving no justification. Clean
carbon steel features an emissivity factor of 0.3, while the value of 0.7 is recommended in Eurocode
3 [15], consistent with the presence of surfaces oxides [33,34]. To avoid a source of possible flame
propagation, unpainted doors are generally used for the FTP fire test, with a film of surface oxide—
accordingly, a value of 0.7 is used and recommended for the calculation of the equivalent convection
parameter (H).

The use of constant convective coefficients is certainly appropriate for the fire-exposed side of
the door as the final temperature is achieved very rapidly and it is subjected to uniform heat. For the



Appl. Sci. 2020, 10, 5736 13 of 16

fire-unexposed side, the use of variable convective coefficients might be appropriate; yet the results
could be numerically assessed, suggesting that a realistic model of the FIP test is achieved. As a
matter of fact, the calculated convective coefficient is some sort of an average value that keeps track
of the initial and “final” temperature on the door surface. Even if a simplified approach is adopted,
the choice appears to effectively describe the fire resistance of fire doors in the FTP test, thus
providing an efficient tool with predictive capabilities, useful for innovation.

The structural analysis of the door appears less critical as it depends on the constraints between
the door and the frame and on the thermal load. The constraints are directly identified by the technical
design of the door. Further, the structural analysis is dominated by the carbon steel structure, as the
insulation material does not contribute significantly [2]. Thus, the critical factors for the structural
analysis are only the thermal load and the mesh size. The thermal load is obtained as discussed
earlier, whereas for defining the mesh size, a sensitivity study and a criterion for choice of the
appropriate mesh size have been addressed in the present paper.

4.2. Effect of the Construction Geometry and Use of Innovative Insulation Material

As anticipated in the preliminary study [14], thermal bridges originated at the door edge play a
key role in determining its fire resistance. To fully appreciate this effect, Figure 10a reports the
decomposition of the heat flow along the Cartesian directions calculated for the door presented in
the previous study [14] with edges of 5 mm. The heat flow along the x-direction, which represents
the thermal bridge, is even higher than the heat flow passing through the door along the y-direction.
On the basis of the results obtained in the previous work, a different geometry of the door has been
presented, using thin steel plates (1 mm) for the edge as a way to minimize the thermal bridge. The
decomposition of the heat flow reported in Figure 8 fully demonstrates the validity of this solution,
along with the results of the FTP test. An important observation is the difference in the pattern of the
transversal temperature profile at the final stage of the fire test (60 min) observed in Figures 9 and
10b, respectively, for the door presented here and that of the preliminary study. The trend of the
profile shown in Figure 9 clearly suggests that the effects of the thermal bridge reach the location of
the measuring points, at a relative distance of 0.25, 0.50 and 0.75. On the contrary, Figure 9 reveals an
almost constant temperature profile for relative distances between 0.2 and 0.8. Thus, the heat transfer
at the measuring points is essentially affected by the heat flow passing through the door, the other
contributions being irrelevant, as shown in Figure 8.
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Figure 10. (a) Decomposition of the heat flow as a function of time along the Cartesian directions (x,

(=]

=
o

y, z) at measuring point 1: (b) Transversal temperature profile at the final stage of the fire test (60 min)
along the line passing through measuring point 5 (see black line in Figure 1b). Door characteristics:
117 mm width, 2117 mm height, steel sheet of 5.0 mm and 1.5 mm for the exposed side with rock-
wool, 60 mm thick, and 180 kg m density as insulator. Adapted from [14].

In summary, by reducing the thickness of the sheets, and specifically the thickness of the edges,
it is possible to minimize the effect of the thermal bridge and build a thin and light door. Specifically,
the results indicate the feasibility of a door 37% thinner and 61% lighter than the door reported in the
preliminary study [14]. Moreover, the thermal performance is better since temperatures as low as
100°C could be measured in the FTP fire-test. Keeping in mind that the FTP test limit is an average
temperature of 140°C above room temperature (18°C in this case), this means that there is a
“reservoir” of nearly 60°C before the FTP limit is reached; clear evidence that a very efficient thermal
insulating capability may not be the most important criterion for the choice of the insulating material
to be used within the door. This observation opens new perspectives in the design of fire-doors as far
as the use of novel/innovative insulation materials is concerned. As observed in the introduction
section, soundproofing is another important issue on onboard ships, particularly passenger ones [35—-
38]. Generally speaking, cellular foam materials are extensively employed as insulating materials, as
their structure can be optimized for both thermal and acoustic performance [38]. Open pore cellular
foams feature better soundproofing properties compared to closed pore ones [38]. Incidentally, the
insulator used in this paper presents an open cell microstructure, as shown in Figure 3b, which
features significantly better soundproofing capability compared to rock-wool [14]. The results show
that it is classifiable as an incombustible material, which is a major requirement for use in fire doors.
It is also lighter in comparison to the rock wool and features better mechanical properties (e.g., no
loose fiber), however, its thermal insulation capability is poorer. Despite the approximately 30%
higher thermal conductivity compared to rock-wool, the numerical analysis of the door equipped
with the foam gives a maximum final temperature of 120 °C on the measuring points, well below the
limits imposed by FTP fire-test [1]. Clearly, the appropriate construction design of the door allows
for the use of innovative materials having advantages in different aspects—e.g., eco-sustainability of
the product, its production process [16] and its acoustic properties [14].

5. Conclusions

In this work, a self-consistent numerical model of the FTP Code fire resistance test, has been
developed and successfully applied to the optimization of a fire-door.

The results clearly show that an equivalent convection coefficient (Equation (8)), composed of
both convective and radiant heat transfer, has to be calculated by considering the physical properties
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and geometry of the door and computed in order to fit the experimental temperatures. The emissivity
factor has to be properly set due to the presence of surface oxides or coatings on the door. From the
structural point of view, the critical parameters are the thermal load and the mesh size. For this latter
parameter, a criterion for the definition of the mesh size was derived.

The influence of thermal bridge was investigated for the present door—the heat flow
decomposition at the measuring point (Figure 8) clearly shows that the contribution along the x-axis,
related to the thermal bridge, is negligible if compared to the contribution along the y-axes, related
to the conduction through the door. Furthermore, the transversal temperature profile (Figure 9)
demonstrates that the influence of the thermal bridge is limited to the door edges and does not reach
the measuring points.

Thus, appropriate door design and construction make the manufacturing of a thinner and lighter
fire-door possible, empowering the use of innovative insulators.

Indeed, based on the numerical model developed, a new foam has been shown as a possible
candidate for use in fire-doors. Despite the fact that it presents a higher thermal conductivity
compared to the rock-wool, the obtained temperatures on the door fire-unexposed side (Table 4)
show a full compliance with the regulation requirements [1].
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